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and S. Y. (Ron) Hui, Fellow, IEEE
Abstract—This paper addresses the use of variable structure
control (i.e., sliding mode (SM) control) for improving the dy-
namic performance of a low-power wind energy conversion system
(WECS) that is connected to a dc grid. The SM control is applied
to simultaneously match 1) the maximum power generation of the
wind turbine system from the wind with 2) the maximum power
injection of the grid-connected power converter into the grid. The
amount of energy extractable from a dynamically changing wind
using the WECS with SM control is compared with that of classic
PI control. Both the simulation and experimental results show that
more energy can be harvested with the SM control as compared
to the PI control for any dynamically changing or random wind
conditions.
Index Terms—Maximum power generation (MPG), maximum
power injection (MPI), sliding mode (SM) control, variable struc-
ture control, wind energy conversion system (WECS).
I. INTRODUCTION
FOR power systems, 1% of improvement in energy effi-ciency is a significant achievement. Such significance can
be translated to increasing energy harvesting when wide-spread
distributed renewable energy generators are installed in the fu-
ture as a way to drastically reduce greenhouse gas emission. For
low-power wind energy conversion systems (WECS), the in-
jected power is small relative to the power capacity of the entire
system. All the energy harvested from the wind may be directly
injected into the grid without the need for a local energy storage
[1]–[3]. This is widely applied in microgrid systems [4]–[6].
Many research efforts on low-power WECS are focused on op-
timizing the energy conversion, interfacing wind turbines to the
grid, and reducing the fatigue load of the mechanical structure
[7]–[16]. In particular, maximum power point tracking (MPPT)
control plays a crucial role in optimizing the efficiency of the
energy conversion [17]–[21]. The MPPT control is applicable
not only to the wind power system, but also to photovoltaic and
water pumping systems.
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It covers an entire class of extremum search algorithms in-
cluding hill-climbing search [22]–[24], tip-speed ratio control
[25]–[27], perturbed and observed [28]–[30], and power signal
feedback control [6], etc. Literature review shows that applica-
tions of MPPT control in WECS is typically focused on the wind
turbine part, which is only concerned with the maximum power
generation (MPG) capability, that is, to extract the maximum
possible power from the wind. There is a lack of research on
the MPPT control of the entire system, covering wind turbine
generation, power electronics conversion, and microgrid current
injection simultaneously.
In WECS without any energy storage, MPPT of the system
is achievable only if the MPG of the wind turbine matches the
maximum power injection (MPI) of the load, i.e., a maximum
power flow taking place within the system. Moreover, conven-
tional research mainly focuses on the steady-state tracking of
the MPPT. In reality, wind is intermittent, and is therefore, a
time-varying uncertain parameter. To achieve real-time MPPT
control of the system, both the MPG and MPI must be matched
dynamically and instantaneously via the control.
This paper addresses the use of variable structure control in
the form of sliding mode (SM) control in a low-power WECS to
achieve a fast dynamical MPPT of the entire system. SM control
is a robust control strategy that guarantees stability against pa-
rameter uncertainties, and it gives fast and consistent transient
response performance in nonlinear systems that are operated
with widely varying input and output conditions. The energy
harvesting performance of the SM control will be compared
with an optimally tuned proportional-integral (PI) control. Both
simulation and experimental verifications are provided.
II. OVERVIEW OF THE SYSTEM AND ANALYSIS OF WIND
TURBINE CHARACTERISTICS
The schematic diagram of the proposed dc grid-tied low-
power WECS system is presented in Fig. 1. The power level of
this system is at several kilowatts. It comprises two subsystems,
namely the wind turbine system and the power conversion sys-
tem. The wind turbine system converts the wind energy into ac
electrical energy. The function of the power conversion system
is to convert the ac electrical voltage to the dc grid voltage level
and to inject power to the grid. By applying the MPPT scheme
to regulate the torque of the wind turbine via controlling the out-
put voltage Ermf of PMSG, MPG can be achieved. The MPPT
controller 1 is required for this purpose. However, it must be
emphasized that without a local storage, all power generated
must be injected into the grid. If this is not achieved, the power
generation will follow the grid-injected power and MPG will not
0885-8993 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Fig. 1. Overview of a low-power WECS system.
be attained even if MPPT control is applied to the wind turbine
system. The state of the power conversion system ensuring that
the power generated from the wind turbine system with MPG
are injected into the grid via the power conversion system will,
henceforth, be known as MPI. To achieve MPI, the MPPT con-
trol must also be applied to the power conversion system such
that its output power injected into the grid matches the MPG.
This is achieved via the MPPT controller 2 using state feed-
back signals of VDC−link , iR2 and vC . For the wind turbine, the
turbine simulated/emulated is a typical 6-m diameter blade for
residential use. The PMSG is a three-phase, round rotor ac type
generator. For the power conversion part, the ac/dc rectifier is a
passive three-phase diode bridge rectifier. The dc/dc converter
is a grid-tied buck converter. The variables VDC−link , iR2 , and
vC represent, respectively, the input voltage, the output current,
and the output voltage of the buck converter. In this system, the
mechanical output power generated by the wind turbine is [6]
Pout =
1
2
ρSwv
3Cp(β, λ) (1)
where ρ is the air density; Sw is the swept area of the wind blade;
v is the wind speed; Cp(β, λ) is the conversion efficiency; β is
the pitch angle of the blade; λ is the tip-speed ratio, where
λ = Rωv ; R is the blade radius; and ω is the angular velocity of
the rotating blades. Since the wind power level is low at only a
few kilowatts, a constant value of β is adopted [3]. According
to [31], Cp(β, λ) can be expressed as
Cp(λ) = 0.5176
(
116
λi
− 5
)
e
−2 1
λi + 0.0068λ (2)
where 1
λi
= 1
λ
− 0.035. Then, the mechanical equation of the
shaft can be expressed as [32]
J
dΩ
dt
= Tg − Te − fΩ (3)
where J and f are, respectively, the total moment of the inertia
and the viscous friction coefficient; Tg is the gearbox torque;
Te is the generator torque; and Ω is the mechanical generator
speed. By considering the gearbox, the following equation can
be obtained
G =
Ω
Ωt
(4)
where G is the gear ratio and Ωt is the rotor speed of the turbine.
Fig. 2. Wind power coefficient curve of the wind turbine with a constant pitch.
Fig. 3. Power states of the system under different considerations.
As wind speed varies, the optimal value of λ must be main-
tained to ensure that the value of Cp(λ) is at its maximum
Cpmax . Since λ = Rωv ,
Ω t
v should be constant. Thus, Ωt is cho-
sen to trace the variation of the wind speed. The wind power
coefficient curve with a constant pitch (β = 0) can be plotted as
shown in Fig. 2.
III. NONIDEAL DYNAMIC POWER EXTRACTION
A. Overview of Power Flow of the Entire System
The operation of the WECS can be classified into four stages
as shown in Fig. 3. Stage 1 represents the maximum available
power that the wind turbine system can electrically harvest from
the wind. Stage 2 represents the actual electrical power extracted
by the wind turbine system in ac form. Stage 3 is the electrical
power after rectification from ac voltage to dc voltage by the
ac/dc rectifier. Stage 4 represents the final electrical power of
the system after dc/dc power conversion and that being injected
into the grid.
In the ideal condition of perfect MPPT tracking and assuming
lossless power conversion [see Fig. 3(a)], the power in Stage 2
will be equivalent to that in Stage 1. This indicates that all
available wind power is harvested, thereby achieving MPG.
Here, all the harvested power are injected into the grid through
the ac/dc rectifier and the dc/dc converter, thereby achieving
MPI. Therefore, the power level of Stages 1–4 are equivalent.
The power injected into the grid perfectly matches the power
generated by the wind turbine. However, in reality, the nonideal
conditions of imperfect MPPT control by either the wind turbine
system and/or the power conversion system, and their power
losses, need to be considered. In the case of a nonideal MPPT and
lossless system [see Fig. 3(b)], the inability of either the wind
turbine system or the power conversion system in achieving
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Fig. 4. Extracted power from the wind turbine system during transient for
different controllers, i.e., PC 1 (fast controller C1 ) and PC 2 (slow controller
C2 ).
perfect MPPT will lead to a suboptimal MPG or a suboptimal
MPI. Unextractable power is wasted. In either case, the power
flow of the overall system will be limited by the lower of the
two. Therefore, the power in Stages 2–4 are equivalent and are
lower than that of Stage 1. Next, by considering the power loss
in each stage, the actual power present in Stages 2 to 4 will be
similar to that illustrated in Fig. 3(c) (solid line representing the
actual power of each stage).
Similar arguments can be applied to the three cases under the
dynamic situations, as illustrated in Fig. 3(d)–(f). With both the
wind turbine and power conversion systems possessing inertia
and requiring time for controllers to react for any change in
wind power, the reality is that there will be a transient period
when there is a mismatch between the desired MPG and the
desired MPI. In such a situation [see Fig. 3(e)], in the event of a
power change in Stage 1, the power in Stage 2 will reach the new
steady state after some time. Furthermore, the power flow will
be limited by the lower of the suboptimal MPG and suboptimal
MPI, which makes the new steady-state power lower than the
ideal one. Power in Stages 2–4 are equivalent. It is, therefore,
clear that fast and accurate controllers should be employed to
regulate the actual power flow closely to the perfect maximum
power flow condition, both in transient and in steady state.
B. MPPT of Wind Turbine System
Consider the use of a fast controller C1 and a slower con-
troller C2 in the wind turbine system. In the extreme case of a
step change of wind power from P1 and P2 , the output power
extractable from the wind would be different for the two con-
trollers, as illustrated in Fig. 4. Here, the fast controller C1 ,
which arrives at the MPG condition faster and more accurately,
will allow the system to harvest more electrical power from the
wind energy.
From Fig. 4, the ideal amount of wind energy that can be
harvested during the transient period from t1 to t3 is
Eideal =
∫ t3
t1
P2dt = P2 (t3 − t1) . (5)
For the fast controller C1 , the energy harvested for the same
period is
EC1 =
∫ t2
t1
PC1 (t) dt +
∫ t3
t2
P2dt
=
∫ t2
t1
PC1 (t) dt + P2 (t3 − t2) . (6)
Fig. 5. Analysis of input voltage VDC−link of the dc/dc converter during a
step transient for different controllers.
Fig. 6. Output power versus dc-link voltage.
The amount of energy harvested by the system using the con-
troller C2 is
EC2 =
∫ t3
t1
PC2 (t) dt. (7)
It is obvious that
Eideal > EC1 > EC2 . (8)
The extra energy harvested by the system with C1 is
ΔE =
∫ t2
t1
(PC1 (t)− PC2 (t)) dt
+
∫ t3
t2
(P2 − PC2 (t)) dt > 0 (9)
where ΔE = EC1 − EC2 , as represented by the shaded area
given in Fig. 4.
C. MPPT of Power Conversion System
Without energy storage, any change of the wind power will
cause a corresponding change in the input power of the ac/dc
converter and its output dc voltage VDC−link , i.e., input voltage
of the dc/dc converter. It is necessary to use a fast controller in
the dc/dc converter for achieving MPI. A fast controller CA and
a slow controller CB will give different transient performance
which affects VDC−link , as illustrated in Figs. 5 and Fig. 6 shows
a typical P–V (output power versus dc-link voltage) curve of this
system for two wind speeds. The movements of the trajectory
for searching the maximum power point (MPP) of the two con-
trollers are illustrated in Fig. 5.
Initially, with a wind speed of vwind1 , the power conversion
system (for both CA and CB controllers) is operating optimally
at the MPP A with a power of P1 and dc-link voltage of V1opt
(see Figs. 5 and 6. With a sudden change of the wind speed to
vwind2 , there is a corresponding change of the available wind
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Fig. 7. Output power during transient for different controllers, namely, PC A(fast controller CA ) and PC B (slow controller CB ).
power from P1 to P2 at the input of the ac/dc converter in
the power conversion system. However, since the output of the
ac/dc passive rectifier comprises a capacitor, which requires
time to charge, the change of the dc-link voltage cannot be
instantaneously changed with respect to the change in its input
power. Thus, the dc-link voltage remains at V1opt even though
the voltage operating point for achieving the maximum power
is V2opt at point C of the curve. As shown in Fig. 5, it takes
some time before the power flow and dc-link voltage of the
dc/dc converter can be controlled to reach V2opt . With CA , the
dc-link voltage changes from point A at t1 , to point B at t2 , and
then, finally being controlled to point C at t3 . Fig. 6 explains
the geometric relationship between the output power and the dc-
link voltage of the system that is controlled by a fast controller
CA and a slow controller CB . After a sudden wind change from
vwind1 to vwind2 , the fast controller CA seeks the new MPP with
a small dc-link voltage overshoot to point B, and then, back to
the MPP C in Fig. 6. For the slow controller CB , the dc-link
voltage overshoots to point D, then to point E, and finally, to the
MMP F. Mapping Fig. 5 into Fig. 6, the corresponding output
power waveform of the power conversion system with CA can
be obtained, and is shown in Fig. 7. Similar power waveform can
be obtained for the system with CB by considering the dc-link
voltage waveform of CB in Fig. 5. From Fig. 7, it can be seen
that the dc/dc converter with CA reaches the steady-state P2
earlier than that with CB . Therefore, within the transient period
from t1 to t6 , more energy is transferred from the rectifier to
the power grid with controller CA . The difference in the energy
transferred between CA and CB is represented by the shaded
area in Fig. 7.
IV. SM CONTROL DESIGN FOR THE SYSTEM
The MPPT computation technique adopted in this paper is the
tip-speed ratio control. The SM control is used to perform the
MPPT control of both the wind turbine system and the power
conversion system. The control design is performed individually
on the respective systems before they are being merged into a
single system. The system performance will be compared with
that of the conventional PI controllers.
A. SM Control Design of Wind Turbine System
According to (4) and the expression of the tip-speed ratio, the
reference of the mechanical generator speed can be derived as
Ωref =
λoptvG
R
. (10)
Fig. 8. SM dynamics for sliding surface.
The goal is to control the mechanical generator speed to run at
this reference speed such that the tip-speed ratio is optimum,
thereby leading to the generation of the maximum electrical
output power. According to [33], the sliding surface can be
chosen as
S = Ω˙ref − Ω˙ + c · (Ωref − Ω) (11)
where c is a tuning factor. By substituting (3) and (10) into the
time derivative of (11) gives
S˙ =
(
f 2
J2
+
c · f
J
)
S +
(
f
J2
+
c
J
)
(Te − Tg )
+ Ω¨ref + c · Ω˙ref −
(
f 2
J2
+
c · f
J
)
Ωref . (12)
To satisfy the Lyapunov stability criteria S · dSdt < 0 [33], (12)
must be located in the shaded zones in Fig. 8.
A piecewise function form of (12) can meet such a require-
ment satisfying concurrently all three conditions of SM opera-
tion, i.e., hitting, existence, and stability conditions. With this,
the mathematical expression of the SM controller for the wind
turbine system can be obtained as
Ωcon = fΩref − α1Ω¨ref −
(
J − f
J
α1
)
Ω˙ref
− α2sgn(Ωref − Ω) (13)
where sgn(.) is a signum function, and α1 = J
2
c·J+f and α2 are
the tuning factors. The detailed SM control block diagram is
given in Fig. 9(a).
In the case of applying PI control to the wind turbine system,
the mathematical expression of the PI controller will be
Ωcon = Kp (Ωref − Ω) + Ki
∫ t
0
(Ωref − Ω)dt (14)
where Kp is the proportional gain and Ki is the integral gain.
The detailed PI control block diagram is given in Fig. 9(b).
B. SM Control Design of Power Conversion System
Fig. 10 shows the topology of the grid-tied dc/dc buck con-
verter used in this system. With a widely varying input voltage
and input power, it can be equivalently considered as a gen-
eral buck converter with widely varying input voltage and load,
which can be well regulated by the SM controller [34]. The
mathematical expression of the buck converter with the SM
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Fig. 9. Detailed (a) SM and (b) PI control block diagram of the wind turbine
system that will be compared in this study.
Fig. 10. Grid-tied dc/dc buck converter topology.
controller is⎧⎪⎪⎨
⎪⎪⎩
vDC−link · u = L1 diL1
dt
+ R1iL1 + vc
VDC−grid = −R2iL1 + R2C dvc
dt
+ vc .
(15)
The sliding surface is selected as
S(x, t) =
3∑
i=1
αixi(t) (16)
where αi represents the sliding coefficients and xi(t) ∈ x(t).
The control variables are
x =
⎡
⎢⎢⎢⎢⎣
x1
x2
x3
⎤
⎥⎥⎥⎥⎦ =
⎡
⎢⎢⎢⎢⎢⎣
vref − βvc
d(vref − βvc)
dt∫
(vref − βvc)dt
⎤
⎥⎥⎥⎥⎥⎦
. (17)
The SM control strategy is based on the PWM-based SM con-
troller scheme presented in [34] and can be determined as
vcon = K1iC + K2vc + K3 (18)
and
|vramp | = βvDC−link (19)
where K1 = −α1 βL1α2 + β
(
L1
R2 C
+ R1
)
, K2 =
−α3 βL1 Cα2 + β
(
R1
R2
+ 1
)
, and K3 = − βR1R2 VDC−grid +
Fig. 11. Detailed (a) SM and (b) PI control block diagrams of power conver-
sion system.
TABLE I
SPECIFICATIONS OF THE WIND TURBINE SYSTEM
Parameters Values
Radius of Rotor 3 m
Number of blades 3
Density of air 1.225 kg/m3
Gear ratio 5
Friction coefficient 0.002 N ·m/s
Turbine inertia 0.2 kg ·m2
α3
α2
L1C
(
P r e f (VD C −l in k )
VD C −g r id
R2 + VDC−grid
)
. Here, vcon is the
control signal, vramp is the ramp signal for PWM modulation,
and |vramp | is the amplitude of vramp . The coefficients are
selected to satisfy the hitting, existence, and stability conditions
of SM operation [34].
In the case of applying PI control to the power conversion
system, the expression of the PI controller is
vcon = Kp (vref − βvc) + Ki
∫ t
0
(vref − βvc)dt (20)
and
|vramp | = constant (21)
where Kp is the proportional gain and Ki is the integral gain.
Then, the duty cycle d of each of the controller can be derived
using the same equation
d =
vcon
|vramp | . (22)
The detailed SM and PI control block diagrams are given in
Fig. 11(a) and (b), respectively.
V. SIMULATION RESULTS
The parameters of the wind turbine system and the power
conversion system used in the simulation are given in Tables I
and II, respectively. Generally, for a low-power wind system,
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TABLE II
SPECIFICATION OF THE POWER CONVERTER SYSTEM
Parameters Values Parameters Values
L1 1.3 mH R1 0.2 Ω
R2 0.2 Ω C 20 μF
VD C −g r id 100 V IR 2 5.28 A ∼ 42.21 A
vD C −l in k 200 V ∼ 700 V ID C −l i n k m a x 10 A
Fig. 12. Comparison of turbine-generated output power using PI control and
SM control for full range condition.
the typical maximum operating wind speed is vwind = 12 m/s
and the operating minimum wind speed is vwind = 6 m/s [6].
Therefore, a full power range of the wind speed changing from
6 to 12 m/s is applied for the optimal tuning of both the PI
controllers and the SM controllers to achieve the best possible
performance for this step change. In this study, the PI control of
both the wind turbine system and the power conversion system
are empirically tuned using the well-known Ziegler–Nichols
tuning method. The SM control for the wind turbine system
is tuned by trial-and-error. The SM control for the power con-
version part is designed using SM design guidelines provided
in [34].
A. PI Control Versus SM Control of Wind Turbine System
for Achieving MPG
For the wind turbine system, the values of Kp = 21.524 and
Ki = 0.178 are adopted in the PI control and the values of
α1 = 0.01 and α2 = 100 are chosen as the coefficients of the
SM controller. These two controllers are tuned to give the same
optimal performance in power extraction for a step change from
vwind = 6 m/s to vwind = 12 m/s. The simulated results are
given in Fig. 12. However, with a change in the dynamic operat-
ing condition of the wind speed from its original condition, the
results are different. The SM controller performs better in gen-
erating more power during the transient period in all situations
than the PI controller, as shown in Fig. 13. This demonstrates
the strength of SM control in handling dynamically varying op-
erating conditions in nonlinear systems, which in this case, is
to respond quickly to tracking the MPPT point for MPG when
wind speed varies. With the SM control always reaching the
desired maximum power conversion coefficient faster than the
PI control when wind speed changes (see in Fig. 14), the energy
harvesting with the SM controller (i.e., ESM ) is better than that
with the PI controller (i.e., EPI), as shown in Fig. 15. This is
expected and is in full agreement with the theoretical discussion
given in Section III
Fig. 13. Comparison of turbine-generated output power using PI control and
SM control for various conditions of wind-speed step change.
Fig. 14. Power conversion coefficient with PI control and SM control.
Fig. 15. Difference of energy acquired from the wind between the SM control
(ESM ) and PI (EPI ) control, where ΔE(J) = ESM − EPI .
Fig. 16. Output power response of buck converter with PI control and SM
control for full injected current range.
B. PI Control Versus SM Control of the Power Conversion
System for Achieving MPI
The same procedure is adopted for the design of the power
conversion system. Full power range of the output current chang-
ing from 5.28 to 42.21 A is applied for the optimal tuning of both
the PI and SM controller. Here, for the PI control, Kp = 0.5 and
Ki = 120. For the SM control, K1 = 0.0153, K2 = 7.2, and
β = 0.025 . As shown in Fig. 16, both controllers have simi-
lar transient performance. Then, a step change of the injected
current of the grid-tied dc/dc converter from 12.51 A to 5.28 A
to 24.43 A to 42.21 A to 8.38 A is performed to compare the
performance of the two controllers, which is given in Fig. 17.
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Fig. 17. Output power response of buck converter with PI control and SM
control for varying injected current step changes.
Fig. 18. Overall system performances with PI control and SM control for full
range operating condition.
Fig. 19. Overall system performances with PI control and SM control for full
range operating condition with consideration to the 100 ms wind-speed change
time constant.
For all these conditions, a faster transient performance with less
overshoot is achievable with the SM control.
C. Overall System Controlled by PI Controller
and SM Controller
With the PI controllers and SM controllers optimally tuned
for the respective wind turbine system and the power conver-
sion system, both these systems are then connected together for
operation. It is found that the optimally tuned system with PI
control is no longer optimal when operated as a whole system
for wind speed changing from 6 to 12 m/s as compared to the
system with SM control, which still performs optimally, as il-
lustrated in Fig. 18. In real world, the wind velocity itself may
take at least one hundred milliseconds to actually change from 6
to 12 m/s. Fig. 19 shows the results of the system under the two
controllers with such a wind condition. Figs. 20 and 21 show
the corresponding energy acquisition by both controllers and
the difference in their energy acquisition. The results show that
0.89% more energy can be harvested with the SM controller.
Also, wind speed changing from 8 m/s to 6 m/s to 10 m/s to
12 m/s to 7 m/s at every 0.1 s are applied. The waveforms pro-
vided in Fig. 22 show that the optimally tuned PI controllers are
Fig. 20. Energy acquisition by the SM control and the PI control for the overall
system with consideration to the 100-ms wind-speed change time constant.
Fig. 21. Corresponding difference of energy acquired between the SM control
(ESM ) and PI (EPI ) control, where ΔE(J) = ESM − EPI .
Fig. 22. Overall system performances of the PI control and the SM control
for varying wind-speed step change conditions.
incapable of tracking the desired parameters of such a nonlin-
early cascaded system with widely varied operating conditions.
Its transient performance is poor as compared to that achiev-
able with SM control, which gives a robust performance for
all changes. With a wind speed that changes repeatedly from
8 m/s to 6 m/s to 10 m/s to 12 m/s to 7 m/s over a period of
5 min, the energy acquisition for the overall system by both SM
and PI controllers and the difference in their energy acquisition
are simulated and are, respectively, shown in Figs. 23 and 24.
The results show that 3% more energy can be harvested from
the system with the SM controller. This validates our analysis
given in Section III.
Finally, under the stochastic wind conditions from 6 m/s to
12 m/s, power comparisons for two controllers are given in
Figs. 25. Fig. 26 shows the energy acquisition by two controllers
and Fig. 27 shows the difference in energy acquisition. The re-
sults show that under such a stochastic wind, 2.1% more energy
can be harvested with the SM controller than PI the controller.
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Fig. 23. Energy acquisition by the SM control and the PI control for the overall
system.
Fig. 24. Difference of energy acquired from the wind between the SM control
(ESM ) and PI (EPI ) control, where ΔE(J) = ESM − EPI .
Fig. 25. Overall system performances for the PI control and the SM control
for full range operating condition with stochastic wind.
Fig. 26. Energy acquisition by the SM control and the PI control for the overall
system with stochastic wind.
VI. EXPERIMENTAL RESULTS
The comparison of the experimental performance of the SM
and PI controllers are carried out for the MPG part, the MPI
part, and the MPPT of the whole system. For the MPG part, a
Triphase PM15F80C is used to emulate the wind turbine sys-
Fig. 27. Difference of energy acquired from the stochastic wind between the
SM control (ESM ) and PI (EPI ) control, where ΔE(J) = ESM − EPI .
Fig. 28. Experimental results of the output ac voltage, output current, and
MPG of wind turbine system corresponding to the wind speed changing from
6.6 to 7.9 m/s under (a) PI control and (b) SM control.
tem. The characteristic of the WECS is programmed into the
Triphase PM15F80C. It should, however, be noted that in the
practical tests, the wind speed range in the profile is limited from
6.6 to 7.9 m/s, which corresponds to the limited output ac volt-
age of the Triphase PM15F80C from 180 to 220 V. Such range
is much smaller than that used in the simulation study (i.e., 6 to
12 m/s). Nevertheless, it will be shown that noticeable difference
in extra energy harvesting can be achieved with the SM control.
The waveforms of the output ac voltage, output ac current, and
output active power of the system under the PI and SM control
are depicted, respectively, in Fig. 28(a) and (b). Here, both the
PI and SM controllers are optimally tuned for the best perfor-
mance under this wind speed change condition. For the SM con-
troller, the average output real power over two transient cycles is
431.6 W and for the PI controller, the power is 430.7 W. The
difference in their power extraction capability is very small.
Various experiments are then performed with the wind speed
being changed from 1) 7.9 to 6.6 m/s, 2) 6.6 to 7.3 m/s, and
3) 7.3 to 6.6 m/s. The corresponding results are presented
in Figs. 29–31, which show a maximum power difference of
6.9 W between the two controllers for wind speed change from
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Fig. 29. Experimental results of the output ac voltage, output current, and
MPG of wind turbine system corresponding to the wind speed changing from
7.9 to 6.6 m/s under (a) PI control and (b) SM control.
Fig. 30. Experimental results of the output ac voltage, output current, and
MPG of the wind turbine system corresponding to the wind speed changing
from 6.6 to 7.3 m/s under (a) PI control and (b) SM control.
6.6 to 7.3 m/s (see Fig. 30). Even though the wind speed changes
are restricted by the hardware, these results consistently indi-
cate that the WECS with SM control can harvest more energy
than the PI controller. The difference in their power extraction
capability is noticeable.
For the MPI part, a California Instrument CSW 5550 three-
phase variable ac power supply is used to emulate the wind
turbine system. Here, the output voltage of CSW 5550 will
fluctuate according to the wind power variation. The power
conversion system comprising an ac/dc rectifier and a dc/dc
converter is set up using a Triphase PM5F03R system. For the
dc/dc converter, only one leg of the three-legged full bridge dc/dc
Fig. 31. Experimental results of the output ac voltage, output current, and
MPG of wind turbine system corresponding to the wind speed changing from
7.3 to 6.6 m/s under (a) PI control and (b) SM control.
Fig. 32. Experimental results of the dc-link voltage and output power cor-
responding to the input ac voltage changing from 180 to 220 V under
(a) PI control and (b) SM control.
converter of the Triphase System is used, which is equivalently
a buck converter.
In the experiment, the rms of the output ac voltage of the
CSW 5550 is changed from 180 to 220 V to simulate a step
change in wind energy. The waveforms of the corresponding
dc-link voltage from the rectifier and the output power of the
dc/dc converter that is regulated by, respectively, the PI and SM
controllers, are depicted in Fig. 32(a) and (b). Both the PI and
SM controllers are optimally tuned for a similar settling time of
15.8 ms.
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Fig. 33. Experimental results of the dc-link voltage and output power cor-
responding to the input ac voltage changing from 220 to 180 V under
(a) PI control and (b) SM control.
Fig. 34. Experimental results of the dc-link voltage and output power cor-
responding to the input ac voltage changing from 180 to 200 V under
(a) PI control and (b) SM control.
Various experiments are then performed with the ac voltage
being changed from 1) 220 to 180 V, 2) 180 to 200 V, and 3) 200
to 180 V. The corresponding results are presented in Figs. 33–
35. From the results, the WECS with SM control can reach the
optimal steady-state point much faster than the PI control.
With that, the MPG and MPI parts are combined into a whole
system. A Triphase PM15F80C inverter is used to emulate the
Fig. 35. Experimental results of the dc-link voltage and output power cor-
responding to the input ac voltage changing from 200 to 180 V under
(a) PI control and (b) SM control.
Fig. 36. Experimental results of the dc-link voltage, injected current, and
output power of the whole system corresponding to the wind speed changing
from 6.6 to 7.9 m/s under (a) PI control and (b) SM control.
wind turbine system and a Triphase PM5F03R inverter is used
for the power conversion system. Both the PI and SM controllers
are kept their original values as in the MPG and MPI parts. From
Fig. 36(a) and (b), the SM controller takes 11.1 ms to reach
steady state, while the PI controller takes about 16.8 ms. (about
34% more time) to reach steady state. According to the analysis
in Section III, the system with SM controller will expectedly
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Fig. 37. Experimental results of the dc-link voltage, injected current, and
output power of the whole system corresponding to the wind speed changing
from 7.9 to 6.6 m/s under (a) PI control and (b) SM control.
Fig. 38. Experimental results of the dc-link voltage, injected current, and
output power of the whole system corresponding to the wind speed changing
from 6.6 to 7.3 m/s under (a) PI control and (b) SM control.
harvest more energy than that of PI controller. The results in
Fig. 36(a) and (b) is in agreement with the simulation results
that with the same performance individually for the MPG and
MPI, when connected as a system, the SM controller always
have better performance than the PI controller. This validates
the fact that robustness of the SM controller is better than those
of linear controllers.
Fig. 39. Experimental results of the dc-link voltage, injected current, and
output power of the whole system corresponding to the wind speed changing
from 7.3 to 6.6 m/s under (a) PI control and (b) SM control.
Fig. 40. Experimental results of the dc-link voltage, injected current, and
output power of the whole system corresponding to the multiple wind speed
change under (a) PI control and (b) SM control.
Various experiments are then performed with the wind speed
being changed from 1) 7.9 to 6.6 m/s, 2) 6.6 to 7.3 m/s, and
3) 7.3 to 6.6 m/s. The corresponding results are presented in
Figs. 37–39. From the results, the conclusion that the WECS
with SM control can harvest more energy can be drawn again
as the output power of the SM controller is larger than that of
the PI controller.
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Fig. 41. Energy harvested by SM control (ESM ) and PI control (EPI ) for the
overall system.
Fig. 42. Additional energy harvested from the wind by SM control than
PI control.
Fig. 43. Experimental results of the dc-link voltage, injected current, and
output power of the whole system corresponding to the wind speed changing
from 6.6 to 7.9 m/s over a time period of 21.7 ms under (a) PI control and
(b) SM control.
Apparently, if the wind speed changes more frequently, the
difference in energy harvested by the SM controller and the PI
controller is more obvious. Multiple step changes of wind speed
from 7.3 m/s to 7.9 m/s to 7.3 m/s to 6.6 m/s to 7.3 m/s to
7.9 m/s to 7.3 m/s to 6.6 m/s to 7.3 m/s to 7.9 m/s, over 50
s, have been evaluated. Results for both the SM and PI con-
trollers are given in Fig. 40. The measured output power over
Fig. 44. Experimental results of the dc-link voltage, injected current, and
output power of the whole system corresponding to a random wind profile
under (a) PI control and (b) SM control.
Fig. 45. Energy harvested by SM control (ESM ) and PI control (EPI ) for the
overall system with real-world wind profile.
50 s is time integrated using a MATLAB program to calculate
the accumulated energy. Comparisons of the energy harvested
are depicted in Fig. 41. The additional energy extracted by the
SM controller over the PI control over 50 s is plotted in Fig. 42.
For this multiple-step-change test, an improvement of energy
harvesting of 0.38% has been recorded, even though the wind
speed range is small. Next, the experiment is performed with
consideration that the wind velocity may take at least 100 ms
to change from 6 to 12 m/s. In our system, the wind velocity
are emulated from 6.6 to 7.9 m/s, which means that it will take
nearly 20 ms for wind to change from 6.6 to 7.9 m/s. Consid-
ering this factor, experimental results for both the SM and PI
controllers are given in Fig. 43. From the results, 0.2% more
energy can be harvested with the SM controller than the PI
controller. Experiments are also conducted with a more ran-
dom wind profile within the limited wind speed range between
6.6 m/s and 7.9 m/s, as shown in Fig. 44. Comparisons of the
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Fig. 46. Additional energy harvested from the wind by SM control than PI
control with real-world wind profile.
energy harvested over 50 s with the SM controller and that of
the PI controller are provided in Fig. 45. As shown in Fig. 46,
0.44% more energy can be harvested with the SM controller.
VII. CONCLUSION
In this paper, a low-power wind energy conversion system
with variable structure control is proposed for dc grids. To il-
lustrate the capability of this nonlinear controller, a comparison
of the system in harvesting wind power with the linear PI con-
troller is performed. Results show that the SM controller has
a better transient tracking ability than a PI controller. The SM
controller also show its robustness in maximizing power trans-
fer from wind energy to the grid current injection. Overall, the
SM controller allows more power to be extracted from the wind
in the dynamical scenario than the PI controller. The essence
of this paper is to pinpoint that extra energy can be harvested
through better dynamical tracking of the wind simply by mod-
ifying the control mentioned without altering the hardware of
the system.
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